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Final  Report:  Dual-Gate  AlGaN/GaN  Modulation-Doped  Field-Effect  Transistors 

Abstract-  Over  the  course  of  the  program,  three  generations  of  dual-gate  AlGaN/GaN 
HEMTs  on  sapphire  have  been  fabricated  and  characterized.  First  generation  dual-gate 
HEMT  had  equal  gate  lengths  of  0.65  pm  produced  through  stepper  lithography.  Current 
gain  cut-off  frequency  (fT)  of  20  GHz,  60  V  breakdown,  1 1  dB  small-signal  gain,  2.5 
W/mm  saturated  output  power,  and  35  %  power  added  efficiency  (PAE)  at  4  GHz  were 
achieved.  Second  generation  dual-gate  HEMT  had  unequal  gate  lengths  to 
simultaneously  achieve  both  large  fT  and  breakdown  voltage.  Gate  one  located  closest  to 
the  source  had  a  gate  length  (Lgi)  of  0.15  pm  and  gate  two  had  a  gate  length  (Lg2)  of  0.3 
pm.  Both  gates  had  “T”  shaped  cross-sections  to  reduce  gate  resistance  and  were  defined 
by  e-beam  lithography.  An  fT  of  52  GHz  and  breakdown  voltage  greater  than  100  V  was 
achieved.  Single  gate  devices  with  gate  lengths  of  0.15  pm  fabricated  on  the  same 
sample  showed  a  breakdown  voltage  of  40  V.  Third  generation  dual-gate  HEMT  also 
had  Loi  =  0.15  pm  and  Lg2  =  0.3  pm,  but  an  improvement  in  both  gate  lithography  and 
material  produced  an/rof  65  GHz  and  a  breakdown  voltage  of  70  V.  Single  gate  devices 
with  gate  lengths  of  0.15  pm  fabricated  on  the  same  sample  showed  a  breakdown  voltage 
of  35  V.  Third  generation  dual-gate  HEMT  achieved  12  dB  small-signal  gain,  3.5  W/mm 
saturated  output  power,  and  45  %  PAE  at  8.2  GHz. 

Introduction 

Amplifiers  operating  over  a  decade  bandwith  while  providing  tens  to  hundreds  of  watts 
with  high  power  added  efficiency  are  needed  for  2-20  GHz  phased  array  radars  currently 
in  development.  AlGaN/GaN-based  transistors  exhibit  large  breakdown  voltages  (Vbr) 
that  enable  large  amounts  of  power  (Poul  <V*r/&RL)  for  high  power  electronics.  An 
output  power  of  9.8  W/mm  at  8.0  GHz  has  been  demonstrated  on  SiC  substrate  [1]  and  a 
cutoff  frequency,  /„  greater  than  1 10  GHz  has  also  been  achieved  with  a  gate-length  of 
less  than  0. 1  pm  [2]. 

For  broadband  common-source  power  amplifiers,  the  gain  bandwidth  product  is  limited 
to  approximately  f?  Increased /rcan  be  obtained  by  reducing  the  gate  length  Lg,  however 
the  breakdown  voltage  Vbr  will  be  significantly  reduced.  In  the  Johnson  limit  [3],  the 

product  of  Vb/r  is  less  than  iwvM/7r,  where  iw  and  vsat  are  the  breakdown  field  and  the 

electron  velocity.  Therefore,  increased  Vbr  is  obtained  at  the  expense  of  /„  and  high 
power  levels  are  obtained  at  the  expense  of  reduced  amplifier  bandwidth. 

AlGaN/GaN  dual-gate  devices  have  the  potential  of  simultaneously  realizing  a  high  fr 
and  a  high  breakdown  voltage.  Moreover,  smaller  feedback  capacitance  and  higher 
output  impedance  of  dual-gate  devices  enable  flexibility  for  circuit  application  of 
broadband  power  amplifiers.  A  dual-gate  device  is  electrically  equivalent  to  a  common- 
source  (CS)/common-gate  (CG)  cascode  pair,  but  occupies  less  die  area.  The  current 
gain  of  the  dual-gate  device,  h,x (jf)  =  (/rl/iO0  +  jf  /  ft2Y' .  deviates  from  that  of  the 


CS  device  h2l(jf)  =  (ftl/  jf)  for  f>  fz2 ,  where  /Tl and  ft2  are  the  current  gain  cutoff 
frequencies  of  the  CS  and  CG  devices  and  /  is  the  signal  frequency.  To  provide 
substantial  current  gain ,/Ty  must  be  several  times  of  the  signal  frequency  /.  In  contrast,  to 

avoid  significant  loss  (i.e.,  >10  %)  in  h2i  in  the  CG  stage,  it  is  sufficient  to  have  fr2  of  1.5/ 
to  2/  The  breakdown  voltage  is  however  determined  by  the  CG  device.  Therefore,  in  a 
dual-gate  device,  it  is  advantageous  to  design  the  CS  device  with  short  Lg  hence  high/,, 

and  the  CG  device  with  long  Lg  hence  lower  /„  but  improved  Vj,r.  High  bandwidth  and 
high  power  are  thus  simultaneously  obtained. 

Material  Structure 

The  epilayers  of  Alo.3Gao.7N/GaN  dual-gate  devices  were  grown  by  metal  organic 
chemical  vapor  deposition  (MOCVD)  on  a  c-plane  sapphire  substrate.  The  material 
structure  began  with  a  200  A  thick  GaN  nucleation  layer,  followed  by  3  pm  thick 
insulating  i-GaN  as  a  device  buffer  layer.  The  Alo.3Gao.7N  contains  a  30  A  unintentionally 
doped  spacer  layer,  a  120  A  Si-doped  charge  supply  layer  and  a  50  A  thick  cap  layer. 
Typical  sheet  electron  concentrations  and  electron  Hall  mobilities  of  as-grown  wafers 
were  -1.0  x  1013  cm'2  and  1,200  cm2/V-s  at  room  temperature. 

First  Generation  Dual-Gate  AlGaN/GaN  HEMT 

First  generation  dual-gate  HEMT  had  equal  gate  lengths  of  0.65  pm  produced  through 
stepper  lithography.  Capacitors  to  ground  the  gate  of  the  CG  device  were  fabricated  with 
a  1000 A  thick  SiC>2  on  the  source  contacts  (-125  pm  x  90  pm).  The  first  gate  was 
separated  by  0.7  pm  from  the  source  and  by  1.5  pm  from  the  second  gate.  Current  gain 
cut-off  frequency  (/V)  of  20  GHz,  60  V  breakdown,  1 1  dB  small-signal  gain,  2.5  W/mm 
saturated  output  power,  and  35  %  power  added  efficiency  (PAE)  at  4  GHz  were  achieved. 
All  relevant  plots  are  contained  in  the  Power  Point  presentation  that  is  attached. 

Second  Generation  Dual-Gate  AlGaN/GaN  HEMT 

Second  generation  dual-gate  HEMT  had  unequal  gate  lengths  to  simultaneously  achieve 
both  large  fr  and  breakdown  voltage.  Gate  one  located  closest  to  the  source  had  a  gate 
length  (Loi)  of  0.15  pm  and  gate  two  had  a  gate  length  (Lq2>  of  0.3  pm.  Both  gates  had 
“T”  shaped  cross-sections  to  reduce  gate  resistance  and  were  defined  by  e-beam 
lithography.  An  /rof  52  GHz  and  breakdown  voltage  greater  than  100  V  was  achieved. 
Single  gate  devices  with  gate  lengths  of  0.15  pm  fabricated  on  the  same  sample  showed  a 
breakdown  voltage  of  40  V.  All  relevant  plots  are  contained  in  the  Power  Point 
presentation  that  is  attached. 


Third  Generation  Dual-Gate  AlG aN/GaN  HEMT 


Third  generation  dual-gate  HEMT  also  had  Lgi  =0.15  pm  and  Lg2  =  0.3  pm,  but  an 
improvement  in  both  gate  lithography  and  material  produced  an  fT  of  65  GHz  and  a 
breakdown  voltage  of  70  V.  Single  gate  devices  with  gate  lengths  of  0.15  pm  fabricated 
on  the  same  sample  showed  a  breakdown  voltage  of  35  V.  Third  generation  dual-gate 
HEMT  achieved  12  dB  small-signal  gain,  3.5  W/mm  saturated  output  power,  and  45  % 
PAE  at  8.2  GHz.  All  relevant  plots  are  contained  in  the  Power  Point  presentation  that  is 
attached. 

Circuit  Design 

Using  third  generation  dual-gate  HEMTs,  a  small-signal  model  has  been  extracted  from 
measured  s-parameters,  and  1-18  GHz  dual-gate  AlGaN/GaN  power  amplifier  has  been 
designed.  /T-doubler  configuration  with  resistive  feedback  has  been  used  for  the  design  to 
achieve  the  large  bandwidth  requirements.  Simulation  results  show  s21  >  10  dB  with 
power  out  greater  than  1 .5  W  across  the  band.  Due  to  parasitic  capacitance  associated 
with  flip-chip  bonding,  the  decision  was  made  to  produce  a  monolithic  microwave 
integrated  circuit  (MMIC)  design  on  SiC.  Gate  lithography  failure  due  to  unstable  e- 
beam  lithography  process  has  prevented  completion  of  the  circuit.  Schematic,  layout, 
model  parameters,  process,  and  expected  performance  are  shown  in  the  Power  Point 
presentation  that  is  attached. 

Conclusions 

Three  generations  of  AlGaN/GaN  dual-gate  HEMTs  have  been  produced.  Third- 
generation  AlGaN/GaN  HEMT  took  advantage  of  unequal  gate  lengths  (La  =  0.15  pm 
and  Lg2  =  0.3  pm)  produced  by  e-beam  lithography  to  simultaneously  produce  high  fT( 65 
GHz)  and  large  breakdown  (70  V).  Single  gate  devices  with  gate  lengths  of  0.15  pm 
fabricated  on  the  same  sample  showed  a  breakdown  voltage  of  only  35  V.  Third 
generation  dual-gate  HEMT  achieved  12  dB  small-signal  gain,  3.5  W/mm  saturated 
output  power,  and  45  %  PAE  at  8.2  GHz.  Dual-gate  AlGaN/GaN  HEMTs  show  the 
capability  of  providing  the  desired  characteristics  of  a  high  /»  while  still  maintaining  a 
large  breakdown  voltage  for  broadband  power  amplifiers.  Moreover,  smaller  feedback 
capacitance  and  higher  output  impedance  of  dual-gate  devices  enable  flexibility  for 
circuit  application  of  broadband  power  amplifiers. 
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Dual-Gate  AlGaN/GaN  Modulation-Doped 
Field-Effect  Transistors  with  Cut-Off  Frequencies 

fT  >  60  GHz 

Ching-Hui  Chen,  Robert  Coffie,  K.  Krishnamurthy,  Stacia  Keller,  Mark  Rodwell,  Member,  IEEE,  and 

Umesh  K.  Mishra,  Fellow,  IEEE 


Abstract — We  demonstrate  dual-gate  AlGaN/GaN  modula¬ 
tion-doped  field-effect  transistors  (MODFETs)  with  gate-lengths 
of  0.16  ^m  and  0.35  fim  for  the  first  and  second  gates,  respectively. 
The  dual-gate  device  exhibits  a  current-gain  cut-off  frequency 
fT  >  60  GHz,  and  can  simultaneously  achieve  a  high  breakdown 
voltage  of  >  +  100  V.  In  comparison  to  single-gate  devices  with 
the  same  gate  length  0.16  /im,  dual-gate  FETs  can  significantly 
increase  breakdown  voltages,  largely  increasing  the  maximum 
allowable  drain  bias  for  high  power  application.  The  continuous 
wave  (CW)  output  power  is  in  excess  of  3.5  W/mm  at  8.2  GHz. 
The  corresponding  large-signal  gain  is  12  dB  and  the  power  added 
efficiency  is  45%.  The  dual-gate  device  with  different  gate  lengths 
shows  the  capability  of  providing  simultaneous  high  cut-off 
frequencies,  and  high  breakdown  voltages  for  broadband  power 
amplifiers. 

Index  Terms — AlGaN/GaN,  broadband  power  amplifiers, 
dual-gate  FETs. 

I.  Introduction 

THE  2-20  GHz  PHASED  array  radars,  now  in  devel¬ 
opment,  require  amplifiers  operating  over  a  decade 
bandwidth  while  providing  tens  to  hundreds  of  watts  with  high 
power  added  efficiency.  GaN/AlGaN-based  devices  exhibit 
large  breakdown  voltages  (Hr)  that  enable  the  use  of  higher 
drain  biases  than  typically  used  in  other  material  systems  to 
generate  larger  amounts  of  power  (Pout  <  V£r/%Ri)  for 
high  power  electronics.  Extensive  efforts  toward  improving 
microwave  performance  of  AlGaN/GaN  modulation-doped 
field-effect  transistors  MODFETs  have  been  made  in  the  past 
years  [l]-[3],  focusing  on  extending  output  power  and  cutoff 
frequencies,  fr.  An  output  power  density  of  9.1  W/mm  at  8.2 
GHz  has  been  demonstrated  on  SiC  substrate  [4]  and  a  higher 
fT  >  110  GHz  has  also  been  achieved  with  a  gate-length 
Lg  <  0.1  A*m  [5]. 

In  broadband  common-source  power  amplifiers,  the  gain 
bandwidth  product  is  limited  to  approximately  fa.  Increased 
fT  can  be  obtained  by  reducing  the  gate  length  Lg,  however, 
the  breakdown  voltage  Hr  will  be  significantly  reduced. 
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In  the  Johnson  limit  [6],  the  product  of  \%rfa  is  less  than 
£ma xvaat/fti  where  Emax  and  v9at  are  the  breakdown  field  and 
the  electron  velocity.  Increased  Hr  is  obtained  at  the  expense 
of  decreased  fa,  and  high  power  levels  are  obtained  at  the 
expense  of  reduced  amplifier  bandwidth. 

AlGaN/GaN  dual-gate  devices  have  the  potential  of  simul¬ 
taneously  realizing  a  high  fa  and  a  high  breakdown  voltage. 
Moreover,  smaller  feedback  capacitance  and  higher  output 
impedance  of  dual-gate  devices  enable  flexibility  for  circuit  ap¬ 
plication  of  broadband  power  amplifiers.  A  dual-gate  device  is 
electrically  equivalent  to  a  common-source  (CS)  /  common-gate 
(CG)  cascode  pair,  but  occupies  less  die  area.  The  current  gain 
of  the  dual-gate  device,  h2i(jf)  =  (/ti/j/)(1  +  j///t2 )“l, 
deviates  from  that  of  the  CS  device  h2i(jf)  =  (fax/jf), 
only  for  /  >  fa2,  where  fax  and  fa 2  are  the  current  gain 
cutoff  frequencies  of  the  CS  and  CG  devices  and  /  is  the 
signal  frequency.  To  provide  substantial  current  gain,  fai 
must  be  several  times  of  the  signal  frequency  /.  In  contrast, 
to  avoid  significant  loss  (i.e.,  >10%)  in  h2i  in  the  CG  stage, 
it  is  sufficient  to  have  fa, 2  of  1.5  f  to  2  f.  The  breakdown 
voltage  is  however  determined  by  the  CG  device.  Therefore,  in 
a  dual-gate  device,  it  is  advantageous  to  design  the  CS  device 
with  short  Lg  hence  high  fa,  and  the  CG  device  with  long 
Lg  hence  lower  fa,  but  improved  Hr-  High  bandwidth  and 
high  power  are  thus  simultaneously  obtained.  In  this  paper,  we 
report  AlGaN/GaN  dual-gate  MODFETs  with  gate  lengths  of 
0.16  A*m  and  0.35  pm  for  the  first  and  second  gate,  respectively. 
A  high  fa  >  60  GHz  and  a  high  breakdown  voltage  of  >+100 
V  can  be  simultaneously  achieved  for  AlGaN/GaN  MODFETs. 


n.  Device  Fabrication 

The  epilayers  of  Alo.3Gao.7N/GaN  dual-gate  devices  were 
grown  by  metal  organic  chemical  vapor  deposition  (MOCVD) 
on  a  c-plane  sapphire  substrate.  The  material  structure  began 
with  a  200  A  thick  GaN  nucleation  layer,  followed  by  3  ^m 
thick  insulating  i-GaN  as  a  device  buffer  layer.  The  Alo.3Gao.7N 
contains  a  30  A  unintentionally  doped  spacer  layer,  a  120  A 
Si-doped  charge  supply  layer  and  a  50  A  thick  cap  layer.  Sheet 
electron  concentration  and  electron  Hall  mobility  of  as-grown 
wafer  were  ~1.02  x  1013  cm-2  and  1400  cm2/V-s  at  room 
temperature. 

Ti/Al/Ni/Au  (200  A/2000  A/550  A/450  A)  ohmic  contacts 
were  evaporated  and  then  annealed  at  880  °C  for  30  s.  Gate 
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Fig.  I .  (a)  Schematic  diagram  of  GaN/AlGaN  dual-gate  FETs  (b)  Drain  output 

/-V'  characteristics  of  0.16/0.35  x  150  /im  dual-gate  MODFET’s  with  second 
gate  biased  at  +2  V. 

lithography  was  performed  with  a  JEOL  JBX-5DII  (U)  elec¬ 
tron  beam  system.  Both  T-shaped  gates  with  0.16  and  0.35 
pm  footprints  separated  by  0.8  pm  were  produced  with  a 
PMMA/P(MMA-MAA)/PMMA  tri-layer  resist  to  reduce  the 
resistance  of  submicrometer  gates.  Ni/Au/Ni  (200  A/3700 
A/300  A)  were  then  evaporated  as  gate  metals.  The  gate  of 
CG  device  was  connected  to  the  source  of  the  CS  device  using 
MIM  capacitors  with  1600  A  Si02,  providing  RF  grounding, 
and  then  a  thick  Ni/Au  layer  (~4500  A)  was  evaporated  on  the 
top  of  the  SiC>2  capacitors  as  the  second  gate  pads.  The  final 
step  in  the  process  was  to  form  a  device  mesa  with  CI2  reactive 
ion  beam  etching.  The  first  gate  was  separated  by  0.7  pm  from 
the  source,  and  the  second  gate  was  1  pm  away  from  the  drain 
contact.  A  schematic  diagram  of  the  finished  dual-gate  device 
is  shown  in  Fig.  1(a). 

IB.  Device  Characteristics  and  Discussion 

The  common  source  dc  characteristics  of  the  dual-gate  de¬ 
vice  with  the  second  gate  biased  at  +2  V  are  shown  in  Fig.  1(b). 
The  saturation  current,  Idss>  is  about  0.8  A/mm  and  pinch-off 
voltage  is  -6  V.  The  peak  value  of  extrinsic  transconductance, 
gm,  is  about  220  mS/mm  at  VG2S  of  +2  V.  The  average  values 
of  contact  resistance  and  sheet  resistance  are  0.9  ft-mm  and  500 
n/D,  respectively.  As  seen  in  Fig.  2,  the  breakdown  voltages 
of  0.16  pm  single-gate  FETs  were  less  than  +50  V,  which  is 
typical  of  such  short-channel  GaN/AlGaN  MODFETs  [8].  The 


Fig.  2.  Comparison  of  breakdown  behaviors  of  single-gate  and  dual-gate 
GaN/AlGaN  MODFETs  fabricated  on  the  same  wafer.  The  dual-gate  device 
increases  three-terminal  breakdown  voltage  up  to  + 100  V. 


Fig.  3.  Comparison  of  RF  performance  between  single  and  dual  gates  devices 
fabricated  on  the  same  wafer:  (a)  Su,  (b)  S2 2,  (c)  Sl2,  and  (d)  S2\.  The 
single-gate  device  was  biased  at  VDs  —  +12  V  and  Vcs  =  —3  V,  and 
the  dual-gate  device  was  operated  with  bias  voltages  of  VG2s  =  +2  V, 
VDS  =  +12  V  and  Vais  =  -3  V. 

0.16/0.35  fim  dual-gate  FETs  had  larger  breakdown  voltages  of 
over  +100  V.  The  reason  for  the  increased  breakdown  voltage 
is  the  drain  voltage  is  supported  by  the  longer  gate,  which  has 
a  higher  breakdown  voltage  because  of  electric  field  alleviation 
as  discussed  in  [7].  Since  the  drain  voltage  swing  of  CS  device 
is  limited  to  the  pinch-off  voltage  of  CG  device,  leakage  associ¬ 
ated  with  large  drain  voltage  excursions  in  short-channel  devices 
is  eliminated.  Therefore,  the  maximum  allowable  drain  bias  is 
increased  for  high  frequency  and  high  power  amplifiers. 

DC  to  40  GHz  device  S-parameters  were  measured  at  a  Vos 
of  +13.5  V,  I  os  of  240  mA/mm,  and  a  Vg2S  of  +2  V.  Both 
CS  and  CG  devices,  we  biased  in  the  saturation  region.  Fig.  3 
shows  the  /i2i  and  unilateral  power  gain  (UPG)  of  dual-gate  de¬ 
vices.  The  dual-gate  device  exhibits  /r  >  65  GHz  and  /max  > 
100  GHz.  Since  the  current  gain  of  dual-gate  devices  follows 
hn  (jf)  =  (fn/jf)  ( 1  +j///t2  )  ” 1 .  A21  of  the  dual-gate  FETs 
is  within  roughly  10  to  20%  of  that  of  the  single-gate  device  at 
the  frequencies  measured.  Fig.  4  shows  a  comparison  of  RF  per¬ 
formance  between  single-gate  and  dual-gate  devices.  Due  to  the 
presence  of  the  second  gate,  the  dual-gate  device  substantially 
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Fig.  4.  Gain-frequency  characteristics  of  dual-gate  AlGaN/GaN  MODFETs. 


substrate  at  8.2  GHz.  Fig.  5  shows  the  power  performance  of 
dual-gate  devices  biased  at  a  Vos  of  +20  V,  with  the  second 
gate  bias  voltage  of  +2  V.  The  drain  current  at  peak  output 
power  was  48  mA  (320  mA/mm).  The  output  power  density  is 
higher  than  3.5  W/mm.  The  small-signal  gain,  power-added  ef¬ 
ficiency  (PAE),  and  large-signal  gain  are  21.5  dB,  45%  and  12 
dB,  respectively.  Unfortunately,  the  higher  breakdown  voltage 
afforded  by  this  scheme  could  not  be  effectively  utilized  because 
of  substrate  heating  effects  beyond  a  bias  of  +25  V. 

IV.  Conclusions 

In  conclusion,  we  have  demonstrated  dual-gate  AlGaN/GaN 
MODFETs  with  T-shaped  gates  of  0.16  and  0.35  /im  footprints 
on  a  c-plane  sapphire  substrate.  A  CW  output  power  in  excess 
of  3.5  W/mm  was  achieved  at  8.2  GHz,  with  power-added  effi¬ 
ciency  >45%.  The  dual-gate  device  shows  a  capability  of  pro¬ 
viding  the  desired  characteristics  of  a  high  fr  (>60  GHz),  while 
still  maintaining  a  large  breakdown  (>+100  V)  for  broadband 
power  amplifiers. 


Fig.  5.  Microwave  power  performance  of  dual-gate  device  at  8.2  GHz,  with 
bias  voltages  of  Vc,2s  =  +2  V  and  VDS  =  +20  V.  The  output  power  is 
greater  than  3.5  W/mm,  and  the  small  signal  gain,  PAE,  and  large  signal  gain 
are  21.5  dB,  45%  and  12  dB,  respectively. 

reduces  signal  feedback  ( S12 )  more  than  10  dB  and  increases 
output  impedance  (S22)  by  4  dB,  leading  to  increased  device 
power  gain  [9],  [10].  It  was  noted  that  the  maximum  stable  gain 
(MSG)  and  maximum  available  gain  (MAG)  of  dual-gate  de¬ 
vices  were  increased  by  6  dB  below  17  GHz,  in  comparison 
with  single-gate  devices.  RF  continuous  wave  (CW)  power  mea¬ 
surements  were  performed  on  uncooled  devices  on  a  sapphire 
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regions  while  ignoring  all  buildings  which  block  the  lit  regions,  we 
define  that  the  two  VSs  look  at  each  other.  In  this  procedure,  the 
transmitter  and  the  receiver  are  considered  as  VSs,  and  the  lower 
bounds  of  all  lit  regions  are  then  ignored.  From  the  pairs  of  VSs, 
rays  from  the  transmitter  to  the  receiver  are  found  by  backward 
ray  tracing  in  the  plan  view.  The  rays  over  buildings  in  the  plan 
view  account  for  forward  rooftop  diffractions.  Since  two  sets  of 
VSs  are  constructed,  there  may  be  duplicated  rays,  and  so  they 
must  be  removed. 


- predictions 

- measurements 


In  the  second  step,  for  each  ray  in  the  plan  view,  the  entire 
series  of  horizontal  building  edges  lying  between  the  transmitter 
and  the  receiver  is  available  as  the  unfolded  vertical  profile  of 
buildings.  Using  the  vertical  profile,  the  heights  of  the  scattering 
points  around  buildings,  as  well  as  forward  and  backward  rooftop 
diffraction  points  can  be  determined  in  a  similar  manner  to  that  in 
[2],  with  the  approximation  that  the  rays  diffracted  at  a  horizontal 
edge  are  taken  to  lie  in  the  plane  of  the  vertical  profile.  This 
approximation  introduces  a  small  prediction  error. 

To  determine  the  diffraction  loss  due  to  propagation  over  build¬ 
ings,  we  first  find  significant  edges  which  form  the  shortest  path 
from  the  transmitter  to  the  receiver  and  apply  the  UTD  diffraction 
coefficients  to  those  edges  in  a  cascade.  When  applying  the  UTD, 
the  edges  in  the  transition  region  of  a  previous  edge  are  excluded, 
and  the  accounted  edges  as  well  as  the  transmitter  and  the  receiver 
are  set  to  the  ‘UTD  edge’s’.  Between  each  pair  of  ‘UTD  edge’s’ 
there  can  be  additional  edges  that  may  interfere  with  the  propaga¬ 
tion  field.  Among  those  edges,  the  most  significant  edges  up  to  10 
are  accounted  for  by  the  method  proposed  by  Whitteker  [3]  in  the 
calculation  of  the  additional  loss.  From  one  vertical  profile,  multi¬ 
ple  rays  which  may  undergo  back  diffractions  from  horizontal 
edges  or  ground  reflections  can  be  found,  and  they  must  be  con¬ 
sidered  individually.  Our  method  allows  for  a  single  back  diffrac¬ 
tion  from  a  horizontal  edge  anywhere  along  the  ray  path.  The 
Fresnel  reflection  coefficients  and  the  UTD  diffraction  coefficients 
are  then  applied  for  the  scatterings  around  the  buildings. 

For  computational  efficiency,  we  constructed  two  VSTs  in  the 
restricted  areas  around  a  transmitter  and  a  receiver  within  radii  Rr 
and  Rm  as  shown  in  Fig.  2.  This  restriction  causes  a  slight  predic¬ 
tion  error  in  most  cases,  and  the  radius  must  be  larger  as  the 
source  height  is  increased. 

Results  and  conclusion:  To  check  the  accuracy  of  the  proposed  ray 
tracing  method,  prediction  results  arc  compared  with  measure¬ 
ments  in  Munich  which  have  been  supplied  by  the  German  GSM 
operator  Mannesmann  Mobilfunk  GmbH.  Fig.  3  shows  the  build¬ 
ing  layouts  in  the  city  as  well  as  the  transmitter  location  and  meas¬ 
urement  route.  The  measurements  were  carried  out  at  947 MHz 
with  the  transmitter  and  receiver  heights  13  and  1.5m  above  the 
ground,  respectively.  To  predict  the  signal  path  loss,  scatterings  up 
to  3rd  order  including  one  diffraction  were  allowed  in  the  areas 
within  Rt  =  500m  and  RM  =  200m,  respectively.  The  sector  aver¬ 
aged  received  power  was  calculated  by  summing  the  individual 
powers  of  the  contributing  rays  [2].  The  values  of  relative  permit¬ 
tivity  and  conductivity  were  set  at  4.44, 0.01  S/m  for  buildings  and 
15,  7  S/m  for  the  ground. 
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Fig.  3  shows  some  dominant  rays  from  the  transmitter  to  one 
receiver  in  the  measurement  route.  The  detailed  comparisons  in 
the  route  are  shown  in  Fig.  4.  The  average  and  standard  deviation 
of  the  prediction  error  are  1.83  and  7.84dB,  and  so  the  predictions 
of  the  proposed  method  are  in  good  agreement  with  the  measure¬ 
ments. 
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AIGaN/GaN  dual-gate  modulation-doped 
field-effect  transistors 

C.-H.  Chen,  K.  Krishnamurthy,  S.  Keller,  G.  Parish, 

M.  Rodwell,  U.K.  Mishra  and  Y.-F.  Wu 

The  first  results  concerning  dual-gate  AIGaN/GaN  MODFETs 
are  presented.  The  devices  have  0.65pm  gate  lengths  and  were 
grown  by  metal  organic  chemical  vapour  deposition  (MOCVD) 
on  a  sapphire  substrate.  The  continuous  wave  (CW)  output  power 
is  in  excess  of  2.5W/mm  at  4GHz.  The  corresponding  large-signal 
gain  is  11.5dB  and  the  power  added  efficiency  is  30.6%.  Dual-gate 
devices  with  different  gate  lengths  can  provide  simultaneous  high 
breakdown  voltage  and  high  current-gain  cutoff  frequency  for  the 
broadband  power  amplifiers. 

2-20GHz  phased  array  radars,  now  in  development,  require 
amplifiers  operating  over  a  decade  bandwidth  while  providing  tens 
to  hundreds  of  Watts  with  high  power  added  efficiency.  GaN- 
based  modulation-doped  field-effect  transistors  (MODFETs)  are 
attractive  in  high  power  applications  due  to  a  large  breakdown 
voltage  Vy  (P^  £  F£/8 RJ  [1  -  3].  6W/mm  power  density  at 
10GHz  has  been  demonstrated  for  devices  on  SiC  substrate  [3].  fT 
>  60GHz  has  been  achieved  with  a  gate  length  I*  <  0.15pm  [4).  In 
broadband  commonsource  power  amplifiers,  the  gain  bandwidth 
product  is  limited  to  ~/r.  Deceasing  L,  increases  fTi  with  the  prod¬ 
uct  VJr  <  vJiL  where  and  vw  represent  the  breakdown 
field  and  electron  velocity  [5].  Increased  Vy  is  obtained  at  the 
expense  of  decreased  /n  and  high  power  levels  are  obtained  at  the 
expense  of  reduced  amplifier  bandwidth. 

A  dual-gate  device  is  electrically  equivalent  to  a  common-source 
(CSycommon-gate  (CG)  cascode  pair  [6|,  but  occupies  less  die 
area.  The  current  gain  of  the  dual-gate  device,  h2X(jf)  =  IfnOM  + 
jflfnT'y  deviates  from  that  of  the  CS  device  h2i(jf)  =  (fnfjfl,  only 
for  /  >  /„,  where  fn  and  fn  arc  the  current  gain  cutoff  frequencies 
of  the  CS  and  CG  devices.  To  provide  substantial  current  gain,  /„ 
must  be  several  times  the  signal  frequency  /.  In  contrast,  to  avoid 
significant  loss  in  h2 ,  in  the  CG  stage,  it  is  sufficient  to  have  an  /„ 
of  1.5— 2f.  The  breakdown  voltage  is  however  determined  by  the 
CG  device.  Therefore,  in  a  dual-gate  device,  it  is  advantageous  to 
design  the  CS  device  with  short  Z*  hence  high  /r>  and  the  CG 
device  with  long  L,  hence  lower  /n  but  improved  Vy.  High  band¬ 
width  and  high  power  are  thus  simultaneously  obtained. 

As  a  first  demonstration,  we  fabricated  dual-gate  Al^Ga^N/ 
GaN  MODFETs  with  equal  gate  length  (0.65pm)  for  CS  and  CG 
devices.  Details  of  the  epitaxial  structure  and  fabrication  process 
can  be  found  in  [1].  The  sheet  electron  concentration  and  electron 
Hall  mobility  of  as-grown  modulation  doped  structures  were  -1.72 
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x  10l3airJ  and  ~950cm2/V  s  at  room  temperature.  The  gate  of  the 
CG  device  was  connected  to  the  source  using  MIM  capacitors 
with  1000A  S1Q2  providing  RF  grounding.  The  first  gate  was  sep¬ 
arated  by  0.7pm  from  the  source  and  by  1.5pm  from  the  second 
gate. 


Fig.  \  Drain  output  l-V  characteristics  of  0.65  X  I50l*n  dual-gate 
AlGaN/GaN  MODFETs,  with  second  gate  biased  at  +3V 

Maximum  current  >  700mA/mm 


Fig.  1  shows  the  common  source  DC  characteristics  with  the 
second  gate  biased  at  +3  V.  The  pinch-off  voltage  is  --4  V  and  the 
gate-drain  breakdown  voltage  is  >  60V.  Varying  varies  VDX5y 
hence  the  saturation  current  lDSS  and  extrinsic  transconductance  gm 
mcreasc  as  Vqk  increases.  The  maximum  transconductance  2  is 
~205mS/mm. 


region  under  this  biasing  condition.  Fig.  2  shows  a  comparison  of 
the  Aj,  for  angle-gate  and  dual-gate  MODFETs  on  the  same 
wafer.  The  single-gate  device  exhibits  fT  =*  20.3GHz  and  /  » 

38.5GHz.  The  dual-gate  device  shows  ^(jf)  =  (fn/jfV\  + 
witb/n  =  22.2GHz  and/n  =  14.5G^and  /_  1  2420^ 
Owing  to  the  reduced  feedback  signal  (Su)  and  increased  output 
impedance  (6y  [6],  the  MSG/MAG  of  the  dual-gate  device  is 
by  10dB  for  fre<iuencies  below  7GHz.  Continuous  wave 
(CW)  microwave  power  measurements  at  4GHz  were  performed 
on  uncooled  devices  on  sapphire  substrate.  The  dual-gate  device 
was  biased  at  a  source-drain  voltage  of  +27.5V,  and  the  second 
gate  bias  voltage  was  +5.5V.  The  drain  current  at  peak  out¬ 
put  power  was  40mA  (266mA/mm).  The  peak  output  power,  as 
shown  in  Fig.  3,  is  25.7dBm,  corresponding  to  a  2.5W/mm  power 
density.  The  small-signal  linear  gain,  power  added  efficiency 
(PAE),  and  large-single  gain  are  17.6dB,  30.6%,  and  11.5dB 
respectively. 


Fig.  3  Microwave  power  performance  of  dual-gate  device  at  4  GHz 


■  gain 


denjonstrated  the  first  dual-gate  Al^Ga^N/GaN 
MODFETs.  A  CW  output  power  in  excess  of  2.5W/mm  was 
achieved  at  4GHz,  with  power  added  efficiency  >  30%  In  the 
future,  to  obtam  the  desired  characteristics  of  a  high  fT  (>  50GHz) 
while  maintaining  a  large  output  power  for  broadband  power 
amplifiers,  the  common-source  device  will  be  designed  for  a  high 
fr  (4  £  0.15pm)  hence  low  breakdown  and  the  common-gate 
device  can  be  designed  for  high  Vy  and  consequently  low/r 
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Pfjin  b{?™*  conditions:  +7V  x  220mA/mm  for  single-gate  devk 
+  12V  x  1 30mA/mm  for  dual-gate  device 

- dual  gate 

- single  gate 
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Mid-infrared  intersubband 
electroluminescence  in  InAs/AISb  cascade 
structures 

K.  Ohtani  and  H.  Ohno 

Mid-infrared  intersubband  electroluminescence  is  reported  in 
InAs  single  quantum  wells  embedded  in  InAs/AISb  quantum 
cascade  structures.  The  observed  emission  energy  is  in  good 
agreement  with  calculations  based  on  the  multiband  kp  theory. 
The  dominant  polarisation  of  the  emitted  light  is  perpendicular  to 
the  quantum  well  layers. 

Quantum  cascade  lasers  (QCL)  are  high  performance  mid-infrared 
light  sources  based  on  intersubband  optical  transitions,  first  demon¬ 
strated  using  GalnAs/AlInAs  quantum  well  (QW)  structures  [1,  2]. 
The  wavelength  range  covered  by  GalnAs/AlInAs  QCLS  includes 
the  atmospheric  windows  (3-5  and  8-1 3pm)  important  for  gas 
sensing  and  environment  monitoring  applications.  Recently,  high 
power  continuous-wave  (CW)  operation  (5  and  8pm,  200 mW/ 
facet)  has  been  achieved  at  80K  [3, 4], 

Sb- based  InAs/AISb  QCLs  have  a  number  of  advantages  over 
GalnAs/AlIAs  QCLs.  The  InAs/AISb  heterostructure  has  a  highly 
tunable  intersubband  transition  energy  due  to  the  larger  conduc¬ 
tion  band  offset  (-1.35  eV)  compared  to  that  of  the  GalnAs/Al¬ 
InAs  systems  (~  0.5eV).  Also,  a  recent  theoretical  appraisal  of  Sb- 
based  intersubband  lasers  (5pm)  [5,  6]  showed  that  the  threshold 
current  density  can  be  as  low  as  750 A/cm2  at  300 K,  almost  a  fac¬ 
tor  of  four  lower  than  the  theoretical  prediction  for  the  5pm 
GalnAs/AlInAs  QCLs  [6].  This  is  due  to  the  small  electron  effec¬ 
tive  mass  in  the  InAs  QW,  which  reduces  the  optical  phonon  scat¬ 
tering  rate  believed  to  account  for  the  high  threshold  current 
density  in  GalnAs/AlInAs  QCLs,  and  at  the  same  time  increases 
the  dipole  matrix  elements  of  the  intersubband  transition. 
Although  intersubband  electroluminescence  in  InAs  QWs  utilising 
interband  tunnelling  between  InAs/GaSb  has  been  realised 
recently  [7],  electroluminescence  from  InAs/AISb  structures  has 
not  yet  been  achieved.  In  this  Letter,  we  report  the  first  observa¬ 
tion  of  mid-infrared  intersubband  electroluminescence  in  InAs  sin¬ 
gle  QWs  embedded  in  InAs/AISb  quantum  cascade  structures. 

The  samples  were  grown  by  a  solid  source  molecular  beam  epi¬ 
taxy  system  equipped  with  a  compound  As  cell  and  a  cracking  Sb 
cell  on  undoped  InAs(100)  substrates.  After  the  growth  of  700nm 
Si-doped  (3  x  10'7cnr3)  «-type  InAs  as  a  bottom  contact  layer,  10 
periods  of  injector  and  active  layer  structures  were  grown.  The 
injector  structure  consisted  of  digitally  graded  InAs/AISb  superlat¬ 
tices  in  which  the  InAs  layers  were  Skloped  to  n  =  2  x  KFcnr3. 
The  active  layer  consisted  of  an  InAs/AISb  single  QW  which  com¬ 
prised  a  10ML  AlSb  barrier,  a  30 ML  InAs  quantum  well,  and  a 
5  ML  AlSb  barrier.  An  alternate  structure  which  had  a  thinner 
InAs  well  (26ML)  was  also  grown.  After  growth  of  the  injector/ 
active  layer  structures,  200  nm  Si-doped  (3  x  lO^cnr3)  InAs  was 
grown  as  a  top  contact  layer.  All  layers  were  grown  at  420°C. 
During  growth  of  injector  and  active  layers,  the  InAs  growth  rate 
was  reduced  to  0.2ML/S  and  the  As  pressure  was  kept  at  a  mini¬ 
mum  to  yield  the  group-V  stability  condition  in  order  to  prevent 
As  incorporation  into  Sb-based  layers.  The  AlSb  layers  displayed 
1  x  3  RHEED  patterns,  and  the  InAs  layers  displayed  2  x  1 
RHEED  patterns  with  a  V/III  beam  equivalence  pressure  ratio  of 
5.5  for  InAs  and  AlSb  growth. 

The  grown  sample  was  then  processed  into  a  200pm  x  200pm 
mesa  by  wet-etching  and  photolithography.  Non-alloyed  Cr/Au 
ohmic  contacts  were  deposited  on  both  top  and  bottom  contact 


layers.  The  sample  edge  was  then  polished  to  a  45°  wedge  for  light 
emission  and  mounted  onto  a  copper  cold  finger  of  a  cryostat  for 
cooling  down  to  ~  77  K.  The  electroluminescence  measurement 
was  performed  with  a  rapid  scan  FT-IR  spectrometer  (Bio-Rad 
FTS-60A)  using  a  lock-in  detection  technique  with  a  resolution  of 
4cnrl  [8].  A  liquid-nitrogen  cooled  HgCdTe  detector  was  used;  a 
polariser  was  inserted  in  the  optical  path  to  verify  the  polarisation 
of  the  emission.  Current  pulses  at  15kHz  with  a  duty  cycle  of  50% 
were  used  for  the  electroluminescence  measurements.  Under  a  for¬ 
ward  bias,  electrons  are  injected  from  an  injection  region  into  the 
first  excited  state  (Ej)  of  the  InAs  QW.  The  electrons  at 
undergo  intersubband  transitions  (radiative  and  nonradiative)  and 
relax  to  the  ground  state  (£,)  of  the  InAs  QW.  The  relaxed  elec¬ 
trons  then  tunnel  to  the  collector  through  a  thin  AlSb  barrier;  the 
collector  acts  as  an  injector  for  the  next  QW.  From  the  multiband 
k.p  theory  [9],  the  energy  separation  between  £j  and  of  the 
30ML  InAs  quantum  well  sample  is  228 me V  and  that  of  the 
26ML  sample  is  267 meV. 


Fig.  1  Electroluminescence  spectra  at  ~77K  for  different  injection  cur¬ 
rents 

(i)  80  raA 

(ii)  50  mA 

Inset:  current-voltage  characteristics  at  ~77K  of  intersubband  cascade 
structure.  Mesa  area  is  200pm  x  200pm 


Fig.  2  Electroluminescence  spectra  of  intersubband  cascade  structures 
at  ~77K  for  80mA  injection  current  density 

(i)  26  ML 

(ii)  30  ML 

Mesa  area  is  the  same  for  both  samples 


A  typical  current-voltage  characteristic  at  -77  K.  is  shown  in  the 
inset  of  Fig.  1.  The  injector  blocks  the  current  up  to  a  bias  of 
-2.5V,  after  which  the  alignment  of  the  injectors  leads  to  current 
flow.  Fig.  1  show  the  electroluminescence  spectra  at  -77K  under 
two  different  current  bias  conditions.  An  emission  peak  was 
observed  at  247 meV,  corresponding  to  a  wavelength  of  5pm  with 
full  width  at  half  maximum  of  ~18mcV.  The  emission  energy  is  in 
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Circuit  Options  UCSB 


Lumped  circuits:  limited  by  fmax  and 
Distributed  circuits:  limited  only  by  f 
fT  multipliers:  also  limited  only  by  fm. 


Multiplier  Principle  of  Operation  UCSB 


Inputs  connected  in  series,  outputs  connected  in  parallel 
output  currents  add 

current  gain  is  twice  that  of  single  stage,  fT  is  doubled 
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Circuit  Simulations  UCSB 
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MMIC  Layout  UCSB 
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MMIC  Process  Flow  UCSB 


Metal  1  Layer:  Transmission  lines, 
bottom  of  MIM  capacitors 


Process  Flow  UCSB 


SiC  substrate 


Current  Status  UCSB 
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1-18  GHz  Dual  gate  GaN  HEMT  power  (JCSB 
amolifiers  for  Naval  Radar 


power  amplifier  for  AMRFS 

Industry  collaborations  /  transitions 

Cree  Lighting 


